Here, we describe a colorimetric sensor for detecting Hg 2+ in aqueous media, which is simply constructed by the selfassembly of thymine acetamidoethanethiol (T-SH) on gold nanoparticles (AuNPs). Based on the specific interaction of Hg 2+ with two thymines (T), the T-SH modified AuNPs can be induced to aggregate through the formation of a stable T-Hg-T complex in the presence of Hg 2+ , resulting in a color change from red to blue-gray. As low as 0.5 μM of Hg 2+ can be easily monitored by the naked eye using this sensor. Other metal ions, including Zn 2+ , Cd 2+ , Pb 2+ , Ni 2+ , Cu 2+ , Co 2+ , Mn 2+ , Ba 2+ , Fe 2+ , Ca 2+ , Mg 2+ , Al 3+ , and Fe 3+ , could not cause any response, even at concentrations 100-fold higher than Hg 2+ . The high selectivity, high stability and easy operation enable this sensor suitable for the rapid on-site detection of Hg 2+ pollution. (Beijing, China). The used metal salts, including HgCl2, CdCl2, MnCl2, CoCl2, CaCl2, AlCl3, FeCl3, Pb(Ac)2, Zn(Ac)2, NiSO4, MgSO4, FeSO4, CuSO4 and Ba(NO3)2, were purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Beijing, China), and stock solutions of these salts were prepared by dissolving them in double-distilled water. AuNPs with a diameter of 13 nm were prepared using the trisodium citrate reduction method, and the concentration was determined to be 11 nM by UV-vis spectroscopy.
Introduction
Mercury, one of the most toxic heavy metals, has severe adverse effects on the ecosystem, especially on human health. Hg 2+ is a main and stable form of mercury pollutants in the environment water samples. 1, 2 Therefore, the monitoring of Hg 2+ in environment is very essential. Many instrument-dependent methods have been developed for the detection of Hg 2+ , such as atomic absorption/emission spectroscopy, cold vapor atomic fluorescence spectrometry, and inductively coupled plasma mass spectrometry. [3] [4] [5] Compared with these methods, colorimetric sensing is simple, and convenient, and can be easily monitored by the naked eye, and has thus attracted more attention. Some small organic molecules have been developed and used as colorimetric probes for the visual detection of Hg 2+ recently. [6] [7] [8] [9] [10] [11] However, the poor water solubility, the cross-sensitivity towards other metal ions and the complicated synthetic route of most of these probes limit their practical application.
In recent years, colorimetric sensors based on gold nanoparticles (AuNPs) have attracted much attention because of their simplicity, easy modification and high sensitivity, and have been widely used in the visual detection of various targets, such as oligonucleotides, proteins, small molecules and metal ions. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Since thymine (T) in DNA strands was demonstrated to bind Hg 2+ specifically to form a stable T-Hg-T complex, 24 ,25 a variety of colorimetric sensors based on DNA/AuNPs have been developed for the selective detection of Hg 2+ . For example, Mirkin's group has reported a method based on the Hg 2+ -induced aggregation of thiolated-DNA functionalized AuNPs; 26 Liu's group improved this strategy by using a different design, and developed a practical system working at room temperature. 27 Many other methods are based on the fact that random-coil ssDNA could effectively protect AuNPs from salt-induced aggregation, while the Hg 2+ could weaken this protective effect by forming the T-Hg-T complex. [28] [29] [30] [31] [32] [33] Although developed sensors based on DNA/AuNPs possess good sensitivity and selectivity, the chemical synthesis and modification of DNA are relatively expensive and complicated. Additionally, the low stability against nuclease, and the nonspecific interaction resulting from the negatively charged backbone also limit the application of DNA-based sensors in real complex samples.
Besides T-rich DNA strands, small thymine derivatives have also been demonstrated to bind Hg 2+ with high affinity and selectivity recently. [34] [35] [36] Compared with DNA strands, small organic molecules are more stable and cheaper. Thus, a new thymine derivative, thymine acetamidoethanethiol (T-SH), was designed as a recognition unit to construct an AuNPs-based sensor (T-S-AuNPs) for the detection of Hg 2+ . T-S-AuNPs were induced to aggregate via the formation of a stable T-Hg-T complex, resulting in a color change of the solution. The sensitivity and selectivity of this sensor were investigated. Also an application for the detection of Hg 2+ in contaminated tap water was proved.
Experimental

Chemicals and materials
Chloroauric acid (HAuCl4·4H2O), thymine (T), cysteamine hydrochloride, and 1-hydroxybenzotriazole (HOBT) were purchased from Sigma-Aldrich. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) and diisopropylethylamine (DIEA) were obtained from Acros. Methyl bromoacetate was purchased from Beijing Ouhe Technology Co., Ltd. (Beijing, China). Trisodium citrate, sodium borate decahydrate, N,N-dimethylformamide (DMF) and other reagents were purchased from Beijing Chemical Plant (Beijing, China). The used metal salts, including HgCl2, CdCl2, MnCl2, CoCl2, CaCl2, AlCl3, FeCl3, Pb(Ac)2, Zn(Ac)2, NiSO4, MgSO4, FeSO4, CuSO4 and Ba(NO3)2, were purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Beijing, China), and stock solutions of these salts were prepared by dissolving them in double-distilled water. AuNPs with a diameter of 13 nm were prepared using the trisodium citrate reduction method, and the concentration was determined to be 11 nM by UV-vis spectroscopy. 37 Thymin-1-ylacetic acid was synthesized as reported previously. 38 
Apparatus
UV-vis spectra were recorded on a SpectraMax M5 instrument (Molecular Devices). Mass spectra were measured on a Shimadzu LC/MS-2010. 1 H NMR spectra were recorded on a Bruker AV400 instrument. Photographs were obtained with a Canon Powershot A630 digital camera.
Synthesis of thymine acetamidoethanethiol (T-SH)
The new compound, T-SH, was prepared using a typical EDC condensation method, as shown in Scheme 1. Typically, to a solution of thymin-1-ylacetic acid (92 mg) in dry DMF (2 mL), HOBT (86 mg), EDC·HCl (192 mg) dissolved in DMF (0.75 mL) in the presence of DIEA (0.25 mL) and cysteamine hydrochloride (57 mg) were successively added under nitrogen. After 24 h of stirring at room temperature under nitrogen, the solvent was evaporated under a vacuum, and then purified by column chromatography (SiO2; methanol/ethyl acetate, 1:1) to obtain the T-SH. MS [M+Na] + , m/z: 265.9 (calc. C9H13N3O3S, 243.07). 1 H NMR, δ H (400 MHz, DMSO): 11.24 (1H, NH on T), 8.33 (1H, NH), 7.42 (1H, CH on T), 4.26 (2H, -CH2-CO-), 3.22 (2H, -CH2-N), 1.75 (4H, -CH3, -SH), the peaks of the methylene (HS-CH2-) are overlapped by the peak of DMSO.
Self-assembly of T-S-AuNPs and detection of samples
An AuNPs solution was diluted to 2.0 nM with 5 mM sodium borate buffer (pH 9.0) and then incubated with T-SH (10.0 μM) to obtain a T-S-AuNPs solution. Then, a different concentration of Hg 2+ was added to the solution. After 10 min of incubation at 45 -50 C, the UV-vis spectra and photographs were recorded.
Results and Discussion
Sensing mechanism of the T-S-AuNPs sensor for Hg 2+
T-SH was synthesized by the condensation of thymin-1-ylacetic acid with cysteamine (Scheme 1) and modified on the surface of AuNPs through the Au-S bond. Based on the distance-dependent optical properties of AuNPs and the specific interaction of Hg 2+ with thymine, the potential sensing mechanism of the constructed T-S-AuNPs sensor is shown in Fig. 1A . T-S-AuNPs can be well dispersed in an aqueous solution, and show a red color in the absence of Hg 2+ . Upon the addition of Hg 2+ , the well-dispersed T-S-AuNPs are induced to aggregate via the formation of the T-Hg-T complex, resulting in a detectable color change.
As shown in Fig. 1B , an individual addition of T-SH or Hg
2+
to AuNPs solution did not cause any obvious change of the absorption spectrum of AuNPs solutions, and the color of the solutions remained red, which indicates that both T-SH and Hg
can not individually cause the aggregation of AuNPs, and the self-assembled T-S-AuNPs can be well dispersed in solution in the absence of Hg 2+ . As we expected, a new absorption band at 660 nm appeared, and the typical absorbance band at 520 nm almost disappeared upon the addition of Hg 2+ ; also, the solution color correspondingly changed from red to blue-gray, indicating the aggregation of T-S-AuNPs. Since such a color change can be easily monitored by the naked eye, and the construction of T-S-AuNPs herein is very simple, T-S-AuNPs has potential as a sensor for the visual detection of Hg 2+ .
Sensitivity of the sensor
The absorbance of AuNPs solutions at 520 and 660 nm is related to the quantities of dispersed and aggregated AuNPs, respectively. Thus, the absorption ratio at 660 nm/520 nm (A660/A520) can reflect the molar ratio of aggregated and dispersed AuNPs. As shown in Fig. 2 , the absorption ratio increased dramatically along with an increase of the Hg 2+ concentration in the range of 0 to 1.0 μM, and a liner correlation was obtained within the concentration range of 0.1 -1.0 μM (R = 0.9944). A limit detection of 148 nM was obtained for a signal-to-noise ratio of 3. When the Hg 2+ concentration was above 1.0 μM, the absorption ratio reached a platform, which suggests that almost all of the T-S-AuNPs are in the aggregated state. The corresponding colors of the T-S-AuNPs solutions treated with different concentrations of Hg 2+ are shown in the inset of Fig. 2 . The solution color changed from red to purple, and then to blue-gray along with an increase of the Hg 2+ concentration. Finally, the solution color remained blue-gray when the Hg 2+ concentration was above 1.0 μM. Using this colorimetric sensor, 0.5 μM of Hg 2+ can be easily discerned by the naked eye, a low limit for visual detection compared with that of previously reported colorimetric sensors.
Selectivity of the sensor
To study the selectivity of this sensor for Hg 2+ , some commonly bivalent and trivalent metal ions were chosen for an investigation, Figure 3A shows the responses of T-S-AuNPs to 1.0 μM of Hg 2+ and 100 μM of other individual metal ions. Only Hg 2+ was found to greatly increase the absorption ratio (A660/A520) and change the solution color from red to blue-gray; other metal ions could not affect the absorption ratio (A660/A520) and the solution color, even at a 100-fold higher concentration than Hg 2+ , which indicates that only Hg 2+ can induce the aggregation of T-S-AuNPs. Additionally, the absorption ratio (A660/A520) and the red color of the above mentioned T-S-AuNPs solutions with individual interfering ions were found to be unchanged for over two months at room temperature, suggesting that the T-S-AuNPs solution is very stable, even when mixed with the above mentioned interfering metal ions. However, the blue-gray color of the T-S-AuNPs treated with Hg 2+ became light after standing for a few days, and meanwhile some precipitates were found at the bottom of the tube (data not shown), which indicates that the aggregated T-S-AuNPs were further cross-linked by Hg 2+ to form larger aggregates as time passed. In order to further test the selectivity of this sensor for Hg 2+ in complex samples, a mixture of the above interfering metal ions was tested. As shown in Fig. 3B , the color of the solution containing mixture ions was almost same as a blank solution (T-S-AuNPs only) in the absence of Hg 2+ , but became blue-gray in the presence of 1.0 μM of Hg 2+ . In this experiment, the total concentration of the co-existed interfering metal ions was 650 μM (50 μM of each metal ion), much higher than that of Hg 2+ (1.0 μM). These results indicate that T-S-AuNPs has excellent selectivity for Hg
2+
, and has the potential for monitoring Hg 2+ in real complex samples with the naked eye. Some interfering metal ions, such as Pb 2+ , have been reported to cause a certain response of the DNA-based Hg 2+ sensors in the absence of a masking agent. 26, 28, 33, 39 Different from a DNA strand, T-SH is a neutral small molecule. As the recognition unit of this AuNPs-based sensor, T-SH may preferably avoid nonspecific interactions (for example, electrostatic interaction) with the coexistence components in samples, resulting in good selectivity.
Determination of Hg
2+ in real water samples Tap water spiked with Hg 2+ was used to mimic the Hg 2+ contaminated water for testing the practicability of this sensor. After the addition of tap water containing an increased concentration of Hg 2+ to T-S-AuNPs, the solution color changed obviously from red to purple, and then to blue-gray; the absorption ratio (A660/A520) also increased rapidly and reached a platform at the concentration of Hg 2+ above 1.0 μM (Fig. 4) . However, for AuNPs (no T-SH), the addition of the contaminated tap water did not cause any obvious changes of the solution color or the absorption ratio (Fig. 4) . These results indicate that this instrument-free sensor could serve as a practical and convenient method for the primary screening of Hg 2+ pollution, especially for the on-site detection of real environmental samples.
Conclusions
In summary, combining the optical properties of AuNPs and the specific interaction of Hg 2+ and thymine, a simple colorimetric sensor for Hg 2+ detection with excellent selectivity was developed. This sensor is easily constructed by the selfassembly of T-SH on AuNPs in solution without requiring any other labeling or linking step. The obtained sensor is very stable. The detection procedure is also very simple: merely record the absorption spectrum or observe the color change after the addition of samples to the sensing system. Using this colorimetric sensor, 0.5 μM of Hg 2+ can be detected by the naked eye. This colorimetric sensor shows good potential for the visual detection of Hg 2+ in complex samples.
